The use of an activated charcoal sampler for radon monitoring has become popular in recent years because of its passiveness and low price. Dynamics of adsorption on a passive sampler have been described with theoretical models. However, extrapolation of the measured results of radon on charcoal to the diurnal fluctuations of the ambient radon concentration is often difficult and even misleading because of the oversimplification of these models. A more generalized approach is undertaken by treating the diurnal variations in radon concentrations as poly-exponential functions and by solving for explicit particular solutions of Fick's equation. The application of these solutions to various practical situations is explored. This includes their use for charcoal sampler calibration. Estimated values of the adsorption coefficients, k, and diffusion constant, D, appear to be agreeable with corresponding reported values. A triple-sampler protocol is also proposed for radon survey in areas of high diurnal fluctuations.
I. INTRODUCTION
It has been recognized in recent years that people may have an increased health risk associated with elevated levels of radon within buildings and dwellings(1)(2). Approximately 10-14% of lung cancer deaths (about 13,300 deaths per year) may be attributed to indoor radon exposure in the United States(3)- (6) . This has resulted in demands for monitoring radon concentrations in homes, schools, and working places. Reports on radon levels in US. homes by states and counties (7) , by house characteristics, location, and socioeconomic factors (8) , in highrise apartments (9) , and on personal exposure(10) have recently been published. Therefore, the choice of an appropriate method of measurement is crucial in designing a national or regional survey program. If the objective is to estimate the health risks for people living in the houses, then long-term integrators such as the passive nuclear track detector should be employed. On the other hand, short-term devices such as grab samplers may provide " instant" results for high radon contamination. Either method seems to give reasonably similar representation of the "true" average radon levels over an extended time period providing the number of random samples is sufficiently large (11) .
Because of their low cost, reusability, and complete passiveness, activated charcoal samples have gained wide acceptance in surveys and screening for radon (12) - (21) . Various charcoal samplers have been designed. The practical procedure for monitoring using these samplers includes: (1) exposure of the charcoal sampler over some fixed period of time at a location to be monitored, (2) determination of the radon present in the sampler by detection of gamma radiation emitted by its progeny, and (3) interpretation of the measured radon in the sampler in terms of the average radon concentration at the monitoring location during the sampling period. Theoretical models used for interpretation have been proposed (15) (16)(22)(23) The adsorption model by Cohen (15) was based on the assumptions that (1) the radon concentration in the indoor ambient air, Ca, is time independent, i.e. Ca=C0=a constant=the average airborne radon concentration, and (2) the amount of radon present on the exposed charcoal depends directly on the airborne radon concentration and can, therefore, be used for the estimation of C0. Such use of the passive charcoal sampler requires its calibration by exposing it to a known concentration of radon under the same conditions involving its use. An adsorption coefficient k and a diffusion constant D have commonly been employed for calibration. These parameters are temperature and humidity dependent(24) (25) . As the water molecules are adsorbed by the charcoal, it reduces the available sites for the radon atoms or it can replace radon that has al- (26) . Such fluctuations affect radon adsorption in a very complex manner, resulting in a nonlinear correspondence between the amount of radon adsorbed on the sampler and the overall indoor radon level. This indicates the nonreality of both Ca=C0=constant and the direct proportionality assumptions. A test on the dynamic response of an activated charcoal sampler has been conducted by George (17) . He used two step functions for the airborne concentration Ca: a high-to-low step and a low-to-high step. He found the average radon concentration was accurate only to within +-20% for practical situations encountered indoors. It is, therefore, important to have means that can account for such nonlinear relationship. In this report, a more general model for radon adsorption from time-dependent sources was established. Since some parameters, such as adsorption coefficient and diffusion coefficient, are temperature and humidity dependent. To simplify the problem of radon adsorption, we treat temperature to be a constant and humidity to be zero. The model was tested under laboratory controlled situations. It is also applied for the characterization and calibration of activated charcoal samplers.
II. THEORETICAL
In an enclosed environment with limited air convection, mass transfer of a gaseous species, e.g., radon atoms, to the surface of an open charcoal sampler is mainly by diffusion. If the activated charcoal is very effective, the rate of adsorption can be much faster than the rate of diffusion . As a result, a concentration gradient of radon may be established near the surface and a dynamic equilibrium may be maintained between the charcoal surface. Beyond the gradient, the concentration of the airborne radon should be relatively uniform due to diffusion , convection, and other disturbances. For the purpose of modeling the diurnal variations of indoor radon, the airborne radon concentration, Ca, is assumed to be space-independent but time-dependent.
It can fluc- 
By adjusting the values of Ci and ai, various specific fluctuations can be simulated. For example, a time-independent function of radon concentration, i.e., Ca(t)=C0, can be generated by assigning infinitely large values to ai except a0=0; and a step-down function can be defined as Ca(t)=C0 at 0<=t<=t, and Ca(t)=0 at t>t. A step-up function or a pulsed function can be defined similarly. Understandably, Eq. (1) is not necessary a monotonically decreasing function. After radon is adsorbed at the charcoal surface, it can migrate deeper into the charcoal bed. Physically, radon atoms travel in a chaotic fashion through the charcoal bed by continuous adsorption in the micropores. Macroscopically, this adsorption mechanism can be envisioned with a diffusion process characterized by a diffusion constant D for the particular charcoal that is used. This diffusion constant may vary with the temperature and relative humidity at the exposure location and should be calibrated before its used.
The adsorption of radon in the micropores occurs so frequently that the charcoal bed can actually be treated as a continuous medium in which radon atoms diffuse by random motion. Furthermore, it is reasonable to believe that the condition at any point of the same depth should be the same. This implies that the radial distribution of radon in a horizontal layer should be uniform. This presumption transfers the three dimensional diffusion process of radon into a much simpler one-dimensional problem. The presumption has also been adopted by other authors(15) (16) . With these understandings, radon diffusion can be described with the following equation:
where y(x, t) is the dynamic concentration of radon at time t after the onset of exposure, x is the depth of the layer measured from the bottom of the charcoal bed of a thickness of L, as shown in Fig. 1 , and l is the decay constant of radon determined from its half-life of 3.82d. During exposure, a vertical concentration gradient of radon is established within the charcoal bed, which not only varies with the sampling interval t but also depends on the temporal concentration of the ambient radon, Ca(t). At the end of sampling, the sampler is sealed and sent to the laboratory for analysis. The gamma radiation measured is proportional to the radon present in the charcoal sampler and is commonly extrapolated to give the average radon level at the monitored location.
The following treatment is to formulate the dynamic response of a charcoal sampler to various functional forms of Ca(t) and to find a logical protocol to estimate the on-site radon levels from measured radon results. The adsorption approach will be discussed as follows.
It is the total amount of radon, Q(T), collected on the sampler that is normally used for indoor radon estimation, where T is the exposure time. To make the estimation fundamentally sound, the relation between Q(T) and Ca will need to be established first. This can be accomplished by solving Eq. (2) under chosen initial and boundary conditions.
The charcoal sampler used for radon monitoring is normally pretreated and is radon free, the initial condition can, therefore, be described as y=0 for t=0 and 0<=x<=L,
where L (cm) is the thickness of the charcoal bed. A boundary condition for Eq. (2) may he derived from the flux of radon across the diffusion layer. That is, (4) where Da is the diffusion coefficient of radon in air (1.2x10-3m2,s-1 at 25dc), A (m2) is the cross-sectional area of the charcoal surface, q (Bq) is the amount of radon diffusing across the air-charcoal diffusion layer, and P(m3,s-1) is a proportionality constant. If the radon adsorption is much faster than radon diffusion which, in turn, is much faster than the radioactive decay, a dynamic equilibrium will be established at the charcoal surface, i.e., y(L, t)=krCs (5) and the flux will be directly proportional to the radon concentration gradient in the diffusion layer, Ca-Cs, where Ca and Cs are, respectively, the radon concentrations in the ambient air and at the charcoal surface. The constants k and r are the adsorption coefficient and the bulk density of the charcoal(15) (16) . If every radon atom diffusing across the gradient layer is adsorbed and is uniformly distributed within an infinitesimal depth at the charcoal surface before it diffuses into the bulk of the charcoal bed, then dq/dt=ody(L,t)/dt,
where o (m3) is the proportional constant relating the flux to the surface concentration.
Combination of Eqs. (4), (5), and (6) gives the boundary condition, (7) where b=P/kor has the unit of s-1 and defines the response characteristics of the sampler. The value of b depends on the type of charcoal used, the cross-sectional size of the sampler, and whether or not a diffusion barrier is installed in the sampler. So it is an empirical parameter associated with the construction of the sampler.
Solution of Eq. (7) gives (8) This condition can be simplified to Eq.
and to Eq.
if Ca is time independent, y(L, t)=krC0 (10) which is identical to Cohen's expression (15) .
The other boundary condition relates to the radon concentration at the bottom of the charcoal bed. Because radon cannot diffuse through the bottom of the sampler, the condition can be expressed as, py/px =0, at x=0.
With these initial and boundary conditions, the diffusion equation can now be solved. The solution for the general function of Ca(t) is given below, (12) The total radon adsorbed in the charcoal bed, Q(T), is presumably the integrated q(t) passing through the diffusion layer in time period T. It can be estimated by integrating y(x, T) over the entire sampler. That is, (13) This equation involves only exponential and simple trigonometric functions and is not difficult to evaluate at all. If the sampler is pre-calibrated, i.e., A, k, D, b, and r are known, Q(T) can be used to estimate Ca(t). Of course, one sampler can provide information about only one parameter, say C0. More than one sampler will be required if Ci and ai need to be evaluated.
The diurnal fluctuation of indoor radon is most likely a continuous function of time. Therefore, step and pulsed function of Ca(t) are seldom applicable in reality. For the purpose of practicality, the following two functions may be most interesting. They are,
Ca(t)=C0+C1(1-exp(-a1t)), C1>0.
The corresponding Q(T) for these functions can be obtained by inserting the parameters into Eq. (13). For most households, Eq. (14) seems to be more realistic. It is seen that Eq. (14) is a monotonously decreasing function if C0=0, best representing the relaxation of a single-charge contamination. Eq. (15) seems to be proper in practical use for the case where domestic water with high radon concentrations was supplied in conditions of restricted ventilation.
This approach is applicable equally well to a multiple sinusoidal Ca(t) function.
III. EXPERIMENTAL
Instrumental
Setup To simulate indoor radon monitoring, a dry box with temperature and humidity control was constructed with a plastic of known low adsorptivity for inert gases. The temperature inside the box was controlled at a value of 30+-1dc and the humidity was kept below 1% relative humidity. A small fan was used for circulation of radon gas in the box to maintain a uniform airborne radon distribution. A Pylon AB-5 portable radiation monitor with a Pylon model 300 scintillation cell of silver activated zinc sulfide (Pylon Electronic Development Co. Ltd., Ottawa, Ontario, Canada) was used for radon monitoring. A Pylon model 3150 radon calibration standard and calibration method recommended by Pylon were used to convert the net counting rate responses of the monitor to radon concentrations in Bq,m-3. A net counting rate of 5.99x10-4s-1 was equivalent to a radon concentration of 1Bq,m-3.
Sample Preparations
and Calibration A charcoal of 30x50 mesh (F & J Specialty Products, Miami, FL) was used. Charcoal samples were baked overnight in an oven at 175-180dc to remove water, CO, and CO2. After baking, the charcoal samples were covered and kept in a desiccator in the dry box. Radon gas was then pumped into the box in a designated manner through a Pylon Model 1025 radon source. A sampler is uncovered to start the adsorption experiment.
To study the impact of temporal radon variations upon its adsorption on charcoal, it is ideally to monitor Ca(t) and Q(T) simultaneously. However, experimental limitation did not allow us to do so. We choose to monitor Ca (t) directly and estimate the adsorbed radon using the following equation,
where Va is the volume of the dry box and Ca(0) is the initial airborne radon concentration at the onset of exposure, i.e., t=0. For calibration purposes, a pre-set amount of radon was used. The above equation simply states that, under the controlled conditions, the disappearing airborne radon atoms must end up in the charcoal sampler. The experimentally obtained function, Qexp(t)contains primarily k, D, b, and other conditional parameters defining Ca(t). Knowing Ca(t), the charcoal sampler can be calibrated in terms of k, D, and b.
IV. RESULTS AND DISCUSSION
Background Correction
Because the desiccator, gloves, temperature and humidity controllers, and the walls of the dry box may compete with the charcoal sampler for radon, Eq. (16) should be modified to include their effects,
where d is the overall rate constant for radon removal by all components other than the charcoal sampler and can be evaluated with the sampler covered. In a series of measurements, a known amount of radon, say (5.85+-0.37)x104Bq,m-3 was introduced and its counting rate was followed. The parameter d was determined to have a value of (4.60+-0.31)x10-4h-1. This is certainly very small as compared to the radon decay constant. It was neglected for further experiments.
2. Determination of k, D, and b A typical adsorption experiment using a charcoal sampler of 2.3cm thick and 70.9cm2 of cross-sectional area (Figs. 2 and 3) gives b, k, and D of 0.36h-1, 4,370cm3,g-1 and 6.21x10-2, respectively. The temperature was controlled at a value of 30+-1dc and the humidity was kept below 1% relative humidity. The reported range for k is 2,000-6,000cm3,g-1 (27) . A value of D of 6.21x10-2cm2,h-1 for similar type of charcoal under normal conditions was reported (16) . The values of k and D do not vary with the size of the sampler. They are related to the nature of the charcoal used but may be changed with temperature and humidity. The parameter b, on the other hand, was found to be roughly proportional to the cross-sectional area of the sampler.
The experimental setup and the proposed procedure were shown to be adequate for evaluation of the parameters k and D of a specific charcoal under controlled conditions. However, the controlled conditions are seldom the same as the conditions at the monitoring location, and conditions often vary from location to location. Therefore, calibration of k and D for the sampling charcoal will need to be established. The first step will be measurement and tabulation of k and D for a given batch of charcoal in terms of relative humidity and temperature. If trends of variation can be derived, then they may be generalized for calibration of other charcoal samplers. Otherwise, a library of references will need to be established.
Theoretical Simulations
With a time-independent radon source, Cohen (16) has shown that the accumulation of radon on charcoal eventually levels off. However, radon accumulation may not reach equilibrium if the source is time-dependent as demonstrated in Fig. 4 . It is, therefore, essential to examine the impact of the parameters a on Q(t). For the sake of simplicity, only the first term in Eq. (1) will be considered. The simulations are for Q(t) in charcoal beds of a typical depth of 2.2cm. It is seen that adsorption starts as soon as the charcoal sampler is exposed and Q(t) increases with time. In the case of a constant radon source, i.e., a=a0=0 and Ca(t)=C0, Q(t) reaches a plateau or steady state value in approximately 100h. However, if a>0 because of ventilation or indooroutdoor mixing through open doors or windows, Q(t) is seen to increase, pass through a maximum, and then decrease with time. The rate of decrease depends on the a value. If it is very large, because of rapid introduction of outdoor air, the radon originally adsorbed in the charcoal bed may be "stripped". That means, when the radon level in the air is lowed down by mixing with outdoor air, the radon atoms adsorbed in the charcoal bed will be released to the atmosphere through desorption. This indicates that rapid ventilation may be a very efficient means for indoor radon removal. The best fit values for Ci are 1.66x105, 7.8x104, and 8.7x104Bq,m-3 and those for ai 2.30x10-1, 7.47x10-2, and 7.58x10-3h-1, respectively. L=2.3cm; A=70.9cm2 There are other disadvantages in using long exposure times. This includes the interference of radon adsorption by competing species such as cigarette smoke and water vapor. It has been shown that radon adsorption can be adversely affected by water uptake in the sample. As much as 50% reduction in Rn adsorption coefficient may result even before the break point is reached (22) . Compounded with the time-dependency of the radon source, the interference by moisture could present a serious problem, particularly for long exposure intervals. An insertion of a desiccant at the entrance to the sampler may reduce or possibly eliminate the problem (19) . Figure 5 shows the dependence of Q(t) as a function of bed depth. These curves were simulated for a timeindependent radon source. It is seen that these curves are identical in many respects to those simulated by Cohen (16) . This is understandable because the situation used in Cohen's model in a special case in this generalized model. When the same values of k, D, and C0 are used, the simulations by both models will be identical.
The above simulations were based on an infinitely large b . Since b=ADa/kor, it appears to play a role in the partitioning of radon at the charcoal surface. This indoor radon Ca estimated on the basis of an infinitely large is undoubtedly overestimated. The simulations shown in Fig. 6 illustrate the impact of b on Q(t). It is seen that overestimation is very significant particularly for short duration, such as one day exposures. Moreover, a longer duration of exposure will be required for a sampler with In a location where a>0, the situation is very complicated. Figs. 7(a) and (b) are simulations of Q(t) as a function of bed depth. The values of a are 0.01 and 0.1h-1, respectively, while the value of b is kept high to make its influence negligibly small. Referring to simulations in Fig. 4 and consulting with Eq. (13), it is seen that a longer duration of exposure always gives higher radon accumulation than shorter exposures if a constant radon source is used. However, if the airborne radon concentration is time dependent, radon accumulation varies with exposure in a complicated way. In Fig. 7(a) , the value of a is 0.01h-1 and is equivalent to a life time of 100h, which is longer than the exposure time of 1 day, 2 days and 3 days. This situation is similar to what a constant radon source is used. In Fig. 7(b) , a is 0.1h-1 and is equivalent to a life time of 10h, which is shorter than the accumulated time of 1 day, 2 days and 3 days. Radon accumulation decreases with increasing exposure time, because radon atoms will be adsorbed at first and desorbed to air when the concentration in air is lower than the one in charcoal bed. This is the reason why the radon accumulations in Fig. 7(a) are higher than what they are in Fig. 7(b) .
When the bed depth is greater than 1.7cm in Fig. 7 (a), Q(t) increases first with exposure, then decreases as exposure is prolonged. This may be understood from the results shown in Fig. 4 , when Q(t) exhibits a maximum, indicating the existence of an optimal duration of exposure. The position of the maximum shifts toward shorter exposure with decreasing magnitude as a increases. Sensitivity and accuracy of the monitors are, therefore, expected to be reduced under these conditions. When the bed depth is smaller than 1.7cm, Q(t) decreases with increase of exposure. This indicates that samples with small bed depths are unsatisfactory for long exposures. This limitation may be attributed to the relatively short residence time of radon in thin samplers. The mean residence time may be defined as the average time that a radon atom would stay in the charcoal bed. This is the time a radon atom diffuses to the sampler bottom and back to the surface, i.e., a distance of 2L cm. If the rate of change in airborne radon concentration at the monitoring location is comparable to or faster than the radon diffusion in the charcoal bed or if the exposure time is much longer than the mean residence time of radon in the sampler, the radon atoms adsorbed at earlier times may be released back to the atmosphere through desorption. But if the bed depth is increased such that the mean residence time is comparable or longer than the exposure, radon atoms near the bottom of the sampler may not have sufficient time to get back to the surface and be removed. They will be retained in the charcoal bed at the end of exposure. This is why Q(t) in a thick sampler first increases and then decreases with exposure.
It has been a common practice in monitoring and survey programs to use one sampler at a location. As dis- rameters requires at least the same number of inputs (data). A single sampler can provide only one input, therefore, only one parameter such as C0 can be evaluated. When the Ca (t) in a house has diurnal fluctuations that can be described by Eq. (1), as many inputs as the parameters Ci and ai will be needed. In many cases, only the first couple of terms may be significant, e.g., as in Eq. (14) . Three parameters need to be determined. A set of three samplers should be sufficient. Either of the following procedures can be used:
(i) The three samplers in the set can be identical in geometry, size, and contain the same amount (same thickness) of charcoal of the same kind. That is, the samplers have identical k, D, and b. The duration of exposure, however, must be different.
(ii) More conveniently, one can use samplers of different thickness and keep the exposure time the same. The three parameters C0, C1, and a1 can then be evaluated from the three measured Q (t).
To portray indoor radon fluctuations more accurately, more samplers should be employed and monitoring should be represented. Since most modern analyses are automated, a large amount of data can now be processed in a reasonably short period of time. The multi-detection approach proposed here is not at all impractical. The common difficulty in many environmental problems is not the acquisition of data but the retrieval of chemical information from the data and their extrapolation to the environmental causes. This generalized model will certainly be useful in radon surveying and monitoring.
Superficially, the analysis time and labor seem to be multiplied in the multi-sampler protocol, making its practicality in radon surveying and monitoring doubtful. However, the proposed protocol is fundamentally more practical and more efficient than the conventional single-sampler approach. This is because the reliability of the measurement in the single-sampler approach totally depends upon the calibration of the samplers. Since k and D are temperature and humidity dependent parameters, an extensive data bank of k and D must be established for every batch of charcoal used under various temperature and humidity. In addition, the homeowners would be required to provide temperature and humidity information of their houses. Compare to these tasks, the counting of radon radiation on the exposed samplers is only a small fraction of the workload in a survey. On the other hand , the multiple sampler protocol employs the relative principles of measurement. The set of samplers is exposed under identical conditions. Indoor temperature and humidity will affect k and D of all samplers in the same set in exactly the same manner. The distribution pattern of the adsorbed radon among these samplers will depend mainly on the function Ca(t), which will be estimated iteratively. Therefore, exhaustive calibrations will not be necessary. This will greatly reduce the workload in a survey .
V. CONCLUSIONS
The health hazards of radon in residences and working places have been well recognized. Monitoring and survey programs have been devised and economic passive samplers have been constructed. To estimate the dose and associated risk, a true measurement of the average radon concentration is needed. However, the conventional procedure of measurement can, at best, provide only estimations of time-averaged radon levels. The uncertainty is inherent in the theoretical treatments of radon adsorption. In most treatments, the indoor radon level invariably is assumed to be time-independent. This assumption is based upon (1) the need for an explicit solution of the diffusion equation, (2) the common practice of using one sampler in one location, and (3) need to simplify the theoretical integral response of the charcoal sampler. Although integration can smooth out fast and random fluctuations, the effect of diurnal changes with rates comparable to the radon diffusion in the charcoal sampler still will be significant. These slower variations in radon concentrations may be more important to health consideration than the instantaneous random fluctuations, and they should be investigated. The theoretical model proposed in this paper approximates these variations with a multiple exponential function of time. The exponential approximation is more advantageous than the commonly used polynomial function. Not only an explicit particular solution of the diffusion equation can be obtained, but the number of dominant terms can be made reasonably small for practical applications. This model may be employed for charcoal characterization, for the study of the effects of humidity and temperature, and for the estimation of time-averaged radon concentrations. If more than one sampler is used, then it may be possible to determine the time variation in the radon concentration during the sampling period.
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